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1.  SUMMARY 
The e f f e c t  of t he  presence  of two a c o u s t i c  s o u r c e s  (one ,  t he  pr imary ,  
whose l o c a t i o n  i s  t o  be d e t e c t e d )  of va ry ing  coherence  on a c e p s t r a l  b e a r i n g  
f i n d i n g  procedure  is  expe r in l en ta l ly  s t u d i e d .  The coherence  between t h e  
a c o u s t i c  s o u r c e s  was a l t e r e d  by adding  random no i se  of v a r i o u s  SNR 
( s i g n a l - t o - n o i s e  r a t i o )  t o  the  i n p u t  s i g n a l  of t he  p r i m a r y  s o u r c e ;  t he  same 
base  s i g n a l  be ing  fed t o  both sou rces .  The r e s u l t s  demons t r a t e  t h a t ,  when 
block l i f t e r i n ; :  i s  used ,  the pr imary source  b e a r i n g  is r e l i a b l y  e s t i m a t e d  f o r  
cohe rences  as low as y 2 0.5. The r e s u l t s  a l s o  i m p l y  t h a t  background n o i s e  
( u n r e f l e c t e d )  of SNR > 10 dB w i l l  not markedly a f f e c t  t he  accu racy  of t he  
b e a r i n g  e s t i m a t i o n  a lgo r i thmn .  
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2. I N T R O D U C T I O N  
I n  a p rev ious  s tudy  tlie a p p l i c a t i o n  of c e p s t r a l  p r o c e s s i n g  t echn iques  t o  
the  d e t e r m i n a t i o n  of a c o u s t i c  sou rce  b e a r i n g s  i n  the  p re sence  of a r e f l e c t i v e  
s u r f a c e  was s t u d i e d . l  
t i o n e d  near a r e f l e c t i v e  s u r f a c e ,  c e p s t r a l  p rocess ing  could  s u c c e s s f u l l y  
c o r r e c t  e r r o r s  i n  the b e a r i n g  e s t i m a t i o n s  due t o  the  echo from the  r e f l e c t i v e  
s u r f a c e .  A new b lock  l i E t e r i n g  procedure  was a l s o  developed which, by us ing  
coherence  t e s t i n g  between the e l emen t s  o f  the  microphone a r r a y ,  a l lowed 
au tomat ion  of the  echo removal procedure .  
The r e s u l t s  showed t h a t ,  €or  a s i n g l e  sou rce  pos i -  
In p r a c t i c e ,  however,  b e a r i n g  e s t i m a t i o n  can occur  when t h e r e  is more 
than  one a c o u s t i c  sou rce  p r e s e n t  o r  r e f l e c t i o n s  occur  from many nearby s u r -  
f a c e s .  A n a t u r a l  p r o g r e s s i o n  of t he  s i n g l e  s o u r c e ,  s i n g l e  echo tes t  is  t o  
examine the  use o €  c e p s t r a l  p r o c e s s i n g  t echn iques  when t h e r e  are two a c o u s t i c  
s o u r c e s  of va ry ing  coherence  i n  an echo- f r ee  environment .  
2 
The purpose of t h i s  r e p o r t  is t o  p r e s e n t  t h e  r e s u l t s  of a p r e l i m i n a r y  
expe r imen ta l  i n v e s t i g a t i o n  which was des igned  t o  assess t h e  a b i l i t y  of  t h e  
systcrn d e s c r i b e d  i n  r e f e r e n c e  1 t o  l o c a t e  a pr imary a c o u s t i c  s o u r c e  i n  t h e  
p re sence  of a second s o u r c e  of va ry ing  r e l a t i v e  coherence .  The same i n p u t  
s i g n a l  was fed t o  each source .  The coherence  between the  sound e m i t t e d  from 
t h e  s o u r c e s  was va r i ed  by adding  degrees  of random n o i s e  t o  t h e  s i g n a l  i n p u t  
of one source .  
. 
3. EXPERIMENTAL SETUP 
The experiment  was performed i n  a 2 . 3  x 2.6 x 4-m anecho ic  chamber 
l o c a t e d  a t  V i r g i n i a  Tech. Two a c o u s t i c  s o u r c e s  (p r imary  and secondary )  were 
p o s i t i o n e d  a t  d i f f e r e n t  l o c a t i o n s  i n  t h e  chamber as shown i n  f i g u r e s  l ( a )  
and l ( b ) .  Here pr imary deno tes  the  s o u r c e  whose b e a r i n g  is r e q u i r e d  t o  be 
measured. A two-microphone a r r a y  was p o s i t i o n e d  i n  one c o r n e r  of a chamber 
i n  o r d e r  t o  de t e rmine  t h e  pr imary  source  b e a r i n g  i n  t h e  p l a n e  of t h e  
s o u r c e l r e c e i v e r .  A d d i t i o n a l  microphones were l o c a t e d  very  c l o s e  t o  t h e  o u t l e t  
of each source  ( i .e . ,  i n  the  near  f i e l d )  i n  o r d e r  t o  estimate t h e  cohe rence  
between the  s i g n a l s  r a d i a t i n g  Erom each source .  The a c o u s t i c  s o u r c e s  used 
were 55-watt U n i v e r s i t y  d r i v e r s .  The a r r a y  microphones were B & K 1 /2- inch  
microphones,  wh i l e  t he  " n e a r - f i e l d "  microphones were Radio Shack 1/2- inch 
in i c r o p h o ne s . 
3.1 S i g n a l  Gene ra t ion  System 
The inpu t  s i g n a l s  t o  each s o u r c e  were g e n e r a t e d  us ing  t h e  sys tem shown i n  
Eigure 2. The purpose of t h e  s i g n a l  g e n e r a t i o n  s y s t e m  was t o  supply  t h e  
p r i m a r y  and secondary  s o u r c e s  wi th  s i g n a l s  of v a r y i n g  coherence .  The approach  
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was tc, use one s i g n a l  g e n e r a t o r  as  a base  inpu t  f o r  one s o u r c e  and then  mix 
band- l imi ted  wh i t e  n o i s e  w i t h  t h i s  s i g n a l  f o r  u s e  as t h e  a d d i t i o n a l  s o u r c e  
s i g n a l .  I n  this  way d i f f e r e n t  sou rce  coherence  levels could  be achieved  by 
mixing more o r  less n o i s e  i n t o  the  base  s i g n a l .  I d e a l l y ,  when no n o i s e  is 
m i x e d  i n t o  the  base  s i g n a l ,  the  secondary  source  r e p r e s e n t s  an echo of t h e  
pr imary source .  Converse ly ,  a s  more n o i s e  is  mixed i n t o  t h e  base  s i g n a l ,  t h e  
s o u r c e s  p r o g r e s s i v e l y  begin  t o  become of a d i f f e r e n t  n a t u r e .  
The s i g n a l  g e n e r a t i o n  s y s t e m  was based around t h r e e  s i g n a l  g e n e r a t o r s :  a 
t r i g g e r  sou rce  which s i m u l t a n e o u s l y  a c t i v a t e d  the  s i g n a l  g e n e r a t i o n  and d a t a  
a c q u i s i t i o n  s y s t e m ;  a Wavetek a r b i t r a r y  waveEorm g e n e r a t o r  which f u n c t i o n e d  a s  
the  base  s i g n a l  g e n e r a t o r  Cor the  pr imary and secondary  s o u r c e s ;  and a B & K 
random n o i s e  g e n e r a t o r  which was used t o  modify the  s i g n a l  from t h e  a r b i t r a r y  
waveform g e n e r a t o r .  Thus, t he  modi f ied  s i g n a l  was d i r e c t e d  t o  t h e  pr imary  
s o u r c e  whi le  t he  unmodiEied s i g n a l  was d i r e c t e d  t o  t h e  secondary .  Random 
i io i se  was added t o  the  pr imary s i g n a l  i n s t e a d  of t he  secondary  source  t o  
e n s u r e  t h a t  the  r m s  l e v e l  o €  t he  pr imary source  was a lways  l a r g e r  t han  t h e  
rrns l e v e l  O E  t he  secondary source  ( a  requi rement  of t h e  c e p s t r a l  r o u t i n e  used 
i n  t he  i n v e s t i g a t i o n )  .’ 
T h e  base  siznal was 
d i g i t a l l y  g e n e r a t e d  on a 
was down-loaded i n t o  the  
could  be s u b s e q u e n t l y  t r  
s i g n a l .  T h i s  p rocess  is 
s i g n a l  had a d u r a t i o n  of 
5 kHz. A n  example of th 
composed O E  a s w e p t  s i n e  burst which originally was 
main-Erame IBM computer. The d i g i t a l  r e p r e s e n t a t i o n  
memory O E  t he  a r b i t r a r y  waveform g e n e r a t o r  which 
ggered t o  c o n v e r t  t he  d i g i t a l  waveEorm i n t o  a n  a n a l o g  
d e s c r i b e d  i n  g r e a t e r  d e t a i l  i n  r e f e r e n c e  2. The t e s t  
30 nisec and s w e p t  through a f requency  range  of 0 t o  
s s i g n a l  is shown in f i g u r e  3. The b u r s t  swept s i n e  
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was t!lt'li ; m p l i f i e d  and ust:d d i r e c t l y  :is t h e  inpu t  s i g n a l  t o  t h e  secondary  
s o u  r CII . 
T h e  primary s o u r c e  s i g n a l  was c r e a t e d  by mixing t h e  b a s e  s i g n a l  w i t h  
band- l imi ted  random n o i s e ,  g e n e r a t e d  by band-pass f i l t e r i n g  t h e  o u t p u t  o f  a 
w h i t e  n o i s e  g e n e r a t o r .  The frequency range of t h e  band-pass f i l t e r  was set  
from 10 Hz t o  5 kHz.  The mixing p r o c e s s  w a s  done u s i n g  a Sure  sound mixer 
w i t h  v a r i a b l e  i n p u t s .  The amount of n o i s e  mixed wi th  b a s e  s i g n a l  was 
moni tored  u s i n g  an r m s  v o l t m e t e r .  
3.2 Data A c q u i s i t i o n  System 
The d a t a  a c q u i s i t i o n  system is shown i n  f i g u r e  4. Two d a t a  f low p a t h s  
a r e  g iven:  one fo r  t h e  microphone a r r a y  measurements which were used t o  
c a l c u l a t e  t h e  s o u r c e  b e a r i n g ,  and a second f o r  t h e  s o u r c e  n e a r - f i e l d  
measurements which were used t o  moni tor  t h e  coherence  between t h e  s o u r c e s .  
The two s i g n a l s  from t h e  microphone a r r a y  were p r e c o n d i t i o n e d  u s i n g  
microphone preainpl i f  i e r s  and high-pass  f i l t e r s .  The high-pass  f i l t e r s  were 
used t o  e l i m i n a t e  low-frequency t r a n s m i s s i o n  n o i s e  i n t o  t h e  a n e c h o i c  chamber. 
Once t h e  a r r a y  s i g n a l s  were p r e c o n d i t i o n e d ,  d i g i t a l  sampling and f u r t h e r  
p r e p r o c e s s i n g  were performed by a Dual-channel Zonic s i g n a l  a n a l y z e r .  The 
a n a l y z e r  was s e t  up t o  s i m u l t a n e o u s l y  a c q u i r e  a s i n g l e  set  of 1024-point t i m e  
r e c o r d s  from t h e  a r r a y  microphone s i g n a l s .  The a n a l y z e r ' s  d a t a  sampl ing  r a t e  
was s e t  t o  10 kIlz, and a 3 kHz low-pass f i l t e r  was used t o  r e j ec t  a l i a s  
s i g n a l s .  
T r i g g e r i n g  of  t h e  a n a l y z e r  was remote ly  c o n t r o l l e d  by t h e  main t r i g g e r  
s i g n a l  which was a l s o  used t o  s t a r t  t h e  swept s i n e  b u r s t .  The a n a l y z e r  
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sampl ing  was p r e - t r i g g e r e d  t o  ensure t h a t  a f u l l  t ime h i s t o r y  of t he  micro- 
phone s i g n a l  was loca ted  between 10 and 50 p e r c e n t  of t h e  t i m e  record .  The 
second 50 p e r c e n t  of the  time r eco rd  was a r t i f i c i a l l y  se t  t o  zero .  Th i s  pro- 
cedure ,  c a l l e d  ' ' zero padding,"  was used t o  minimize ceps t rum a l i a s i n g  i n  t h e  
l a t e r  d a t a  r e d ~ c t i o n . ~  
p l i n g  tlie r e q u i r e d  number of d a t a  s e t s ,  the  t i m e  r e c o r d s  were up-loaded and 
s t o r e d ,  v i a  a modem, t o  a mainframe IBM computer where t h e  c e p s t r a l  p r o c e s s i n g  
and b e a r i n g  c a l c i i l a t i o n s  were performed. 
When the d a t a  a c q u i s i t i o n  s y s t e m  had f i n i s h e d  sam- 
The s i g n a l s  from the  microphones i n  the  n e a r - f i e l d s  were sampled u s i n g  a 
second Zonic s i g n a l  a n a l y z e r .  High pass  and a n t i - a l i a s i n g  f i l t e r s  were used 
as p r e v i o u s l y .  Th i s  a n a l y z e r  was t r i g g e r e d  us ing  the  same t r i g g e r  s i g n a l  as 
the  a r r a y  microphone d a t a  a c q u i s i t i o n  s y s  tem. Frequency domain p r o c e s s i n g  was 
used t o  c a l c u l a t e  the  ave rage  coherence  between the  s i g n a l s  e m i t t e d  by each  
source .  A t  t he  comple t ion  of t he  ave rag ing  p r o c e s s ,  t h e  coherence  e s t i m a t e  
was d i s p l a y e d  arid recorded  on a hard-copy dev ice .  
4 .  EXPERIMENTAL PROCEDURE 
The t e s t  p rocedure  s t a r t e d  by s e t t i n g  up  t h e  pr imary and secondary  s o u r c e  
geomet r i e s .  The two ar rangements  used a r e  shown i n  f i g u r e s  l ( a )  and l ( b ) .  
Before  d a t a  a c q u i s i t i o n  commenced, t he  s o u r c e  s i g n a l  ampl i tudes  had t o  b e  
s e t .  The o b j e c t i v e  of p r e s e t t i n g  the  sou rce  s i g n a l s  was t o  a c h i e v e  a 
p a r t i c u l a r  colierence be tween the  sou rces .  Three ave rage  coherence  l e v e l s  were 
s t u d i e d :  1.0, 0 .9  and 0.5. These a l s o  cor responded t o  s i g n a l - t o - n o i s e  r a t i o s  
(SNR) f o r  t he  pr imary source  of m, 20 and 10 dB. These coherence  l e v e l s  were 
ach ieved  through a t r i a l  and e r r o r  method of mixing random n o i s e  wi th  the  base  
s i g n a l  a n d  measuring the  coherence  between the  n e a r - f i e l d  microphone s i g n a l s .  
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S i m i l a r l y ,  the  rms value  of t he  primary source  s i g n a l  was main ta ined  t o  be 
j u s t  a b o v e  the secondary  source  rms va lue  a s  seen  by the  n e a r - f i e l d  
microphones.  This  ad jus tment  maximizes the  h e i g h t  of t he  d e l t a  f u n c t i o n s  i n  
the  ceps t rums of t he  microphone s i g n a l s .  
The a c q u i s i t i o n  o €  t h e  d a t a  was c o n t r o l l e d  us ing  a separate t r i g g e r  
s o u r c e ,  a s  p r e v i o u s l y  d e s c r i b e d .  The ra te  of t h e  t r i g g e r  s o u r c e  was set so 
t h a t  on ly  one f u l l  t r a n s i e n t  time h i s t o r y  was a c q u i r e d  pe r  t i m e  record .  The 
t ime r e c o r d s  were then  subsequen t ly  t r a n s f e r r e d  and s t o r e d  on t h e  mainframe 
computer v i a  a modem l i n k .  
Th i s  d a t a  a c q u i s i t i o n  procedure  was r epea ted  €or each of  t h e  t h r e e  
cohe rence  l e v e l s .  Three  p a i r e d  s e t s  of t i m e  h i s t o r i e s  were recorded  f o r  each  
coherence  l e v e l  as r e q u i r e d  by the  bearing calculation algorithm. 
5. DATA ANALYSIS 
The purpose of t h e  d a t a  a n a l y s i s  phase of t h i s  work w a s  t o  e x t r a c t  t h e  
b e a r i n g  i n f o r m a t i o n  of the  pr imary source  from the combined pr imary p l u s  
secondary  s o u r c e  t ime h i s t o r i e s .  The p rocess  t o  perform t h e  wave le t  deconvo- 
l u t i o n  and b e a r i n g  c a l c u l a t i o n  is d e t a i l e d  i n  r e f e r e n c e  2. A f low c h a r t  of 
t he  a l g o r i t h m  u s e d  t o  e x t r a c t  the pr imary s i g n a l  and per form t h e  b e a r i n g  
c a l c u l a t i o n  is shown i n  f i g u r e  5. As  can be seen  i n  t h e  f i g u r e ,  t h e  two 
microphone s i g n a l s  oE t he  a r r a y  a r e  i n i t i a l l y  acqu i r ed .  The nex t  s t e p  of t h e  
procedure  is t o  c a l c u l a t e  the  complex ceps t rum of each microphone s i g n a l .  The 
cepstrurn is then block l i f t e r e d ,  as d e s c r i b e d  i n  r e f e r e n c e  2. L i f t e r i n g  is 
t r a d i t i o n a l l y  used t o  remove echo in fo rma t ion  from the  d i r e c t  s i g n a l .  I n  t h i s  
i n v e s t i g a t i o n  a similar b lock  l i f t e r i n g  t echn ique  is used i n  an  a t t empt  t o  
e l i m i n a t e  the  c o n t r i b u t i o n  of t h e  second source .  For a r e f l e c t i n g  s u r f a c e ,  
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t i le echo i s  cohe ren t  w i t l i  t he  d i r e c t  s i g n a l  and l o r  a s i g n a l  w i th  a r e a s o n a b l e  
baridwith ( a s  h e r e )  the  echo s i g n a l  inEormation is compressed i n t o  d e l t a  func- 
t i o n s  or  rahinoriics which appear  a t  p e r i o d i c  times i n  the  cepstrum. These can 
then  be removed by 1 i E t e r i n g .  The s u c c e s s  oE t he  l i f t e r i n g  procedure  for t h i s  
exper iment  i s  thus  l i k e l y  t o  be dependent  upon t h e  coherence  l e v e l s  between 
t h e  pr imary and secondary  sources .  
Once l i f t e r i n g  has  been perEormed, t he  ceps t rum p rocess  i s  r e v e r s e d  and 
the  t ime h i s t o r y  o f  the  pr imary source  is  recovered .  The next  s t e p  is  t o  
c a l c u l a t e  t he  c r o s s  spectrurn oE t he  s i g n a l s  between each e lement  of t h e  de t ec -  
t i o n  a r r a y .  The b e a r i n g  o f  the  pr imary source  can then  be c a l c u l a t e d  from t h e  
c ross -spec t rum phase,  a s  exp la ined  i n  reEereiice 2. Bea r ing  a n g l e s  f o r  each  
Erequency b i n  were c a l c u l a t e d .  The coherence  between the  recovered  s i g n a l s  
between each element  oE tlie a r r a y  was a l s o  e s t i m a t e d .  The coherence  was used 
as a c r i t e r i o n  t o  r e j e c t  p o s s i b l e  Eaul ty  pr imary s o u r c e  b e a r i n g s  due t o  t h e  
b lock  l i E t e r i n g  procedure .  A 1 1  b e a r i n g  a n g l e s  whose co r re spond ing  coherence  
a t  the  same b i n  po in t  were l e s s  than 0.98 were r e j e c t e d .  F requenc ie s  above 
which s p a t i a l  a l i a s i n g  occur red  and below which phase e r r o r s  were s i g n i f i c a n t  
were a l s o  r e j e c t e d .  F i n a l l y ,  t he  o v e r a l l  b e a r i n g  a n g l e  was computed from t h e  
ave rage  oE the  i n d i v i d u a l  b i n  angles .  
6 .  KESULTS 
6 .1  C o n f i g u r a t i o n  1 
The  € a l l o w i n g  r e s u l t s  a r e  €or the  c o n E i g u r a t i o n  shown i n  f i g u r e  l ( a > .  
For the  f i r s t  t e s t  no raridorn no i se  was mixed wi th  the  base  s i g n a l .  The 
co r re spond ing  coherence  between the  near-E i e l d  microphone s i g n a l s  is g iven  i n  
Eigure 6 and can be seen  t o  be c l o s e  t o  u n i t y  up t o  approx ima te ly  3.5 kHz 
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where t h e  a n t i - a l i a s i n g  f i l t e r s  t a k e  e f f e c t .  The v e r y  low f requency  d r o p o u t s  
were due t o  t h e  h igh-pass  Eilters used t o  remove background no i se .  
F i g u r e  7 g i v e s  t h e  time h i s t o r i e s  of t h e  s i g n a l s  a c q u i r e d  a t  b o t h  micro- 
phones oE t h e  b e a r i n g  a r r a y .  The secondary  s o u r c e  s i g n a l  a m p l i t u d e ,  a c q u i r e d  
a t  t h e  a r r a y  microphones,  was s e p a r a t e l y  measured t o  be a p p r o x i m a t e l y  two- 
f i f t h s  of t h e  pr imary s o u r c e  s i g n a l .  T h i s  c h a r a c t e r i s t i c  is due t o  s p h e r i c a l  
s p r e a d i n g ,  t h e  pa th  d i f f e r e n c e  between t h e  secondary  and pr imary s o u r c e s  b e i n g  
2.26 m. F i g u r e  7 a l s o  shows t h e  swept-s ine n a t u r e  of the s i g n a l .  However, 
t h e  s p e a k e r  o u t p u t  is  not  a s  f l a t  as t h e  t e s t  s i g n a l ,  due t o  t h e  r e s p o n s e  of 
t h e  s p e a k e r  v a r y i n g  w i t h  frequency.  
F i g u r e s  8 and 9 p r e s e n t  t h e  complex ceps t rum and power cepstrum, respec-  
tively, o f  one c h a n n e l  of the microphone array. In the complex c e p s t r u m  the  
€ i r s t  and l a s t  Eive p o i n t s  a r e  not p l o t t e d  i n  o r d e r  t o  expand t h e  v e r t i c a l  
range  of t h e  r e s u l t s .  A d e € i n i t e  peak ( o r  rahmonic) can be s e e n  c lose  t o  
6.6 msec i n  both  f i g u r e s  c o r r e s p o n d i n g  t o  t h e  2.26 m p a t h  d i f f e r e n c e  between 
t h e  s o u r c e s .  
The complex c e p s t r u m  of f i g u r e  8 was b lock  l i f t e r e d  from p o i n t s  60 t o  992 
by z e r o i n g ,  as d e s c r i b e d  i i i  r e f e r e n c e  2 ,  and t h e  ceps t rum r e v e r s e d  t o  r e c o v e r  
t h e  pr imary time h i s t o r y .  T h i s  was done f o r  t h e  t h r e e  i n d i v i d u a l  se ts  of d a t a  
on each  channel .  Coherence between t h e  frequency domain averaged  s i g n a l s  of 
b o t h  c h a n n e l s  was then  c a l c u l a t e d  and i s  shown i n  f i g u r e  10. The coherence  is 
c l o s e  t o  u n i t y  b u t  h a s  o s c i l l a t i o n s  due t o  s i g n a l  n o i s e  r a t i o  problems a t  
f r e q u e n c i e s  where d e s t r u c t i v e  i n t e r f e r e n c e  o c c u r s  between t h e  pr imary and 
secondary  s o u r c e s  a t  t h e  a r r a y  microphone loca t  ions .  
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T h e  average  b e a r i n g  €or  tlie pr imary source  was then  c a l c u l a t e d  as 
100.8 degrees  compared t o  the  a c t u a l  sou rce  b e a r i n g  of 96 deg rees .  
For the  next  t e s t ,  random no i se  was mixed wi th  the  base  s i g n a l  and fed t o  
the  pr imary s o u r c e  a s  d e s c r i b e d  p r e v i o u s l y .  The magnitude of t he  n o i s e  was 
a d j u s t e d  u n t i l  a coherence  (averaged  a c r o s s  the  f requency  range  of 0 t o  
3.5 kHz) of  c l o s e  t o  0.9 was ob ta ined  between the  sou rce  nea r  f i e l d s ,  a s  shown 
i n  f i g u r e  11. T h e  s i g n a l s  acqu i r ed  a t  t h e  microphones are p l o t t e d  i n  f i g -  
u r e  1 2  where the  p re sence  o €  the  n o i s e  can c l e a r l y  be seen .  The complex and 
power cepstrclms oE channe l  1 a r e  g iven  i n  f i g u r e s  13 and 14, r e s p e c t i v e l y .  
Although the e f f e c t  of t he  secondary source  is  not a p p a r e n t  i n  t h e  complex 
ceps t rum (compare f i g .  13 with  Eig. 8> ,  i t  can be c l e a r l y  seen  i n  t h e  power 
ceps  t r u m .  O n  1 i f t e r i n g ,  and then app ly ing  the  i n v e r s e  cepstrum, t h e  a v e r a g e  
s o u r c e  b e a r i n g  was e s t i m a t e d  t o  be 97.5 deg rees ,  as opposed t o  t h e  t r u e  
b e a r i n g  o€ 96 degrees .  
For the  next  t e s t  the added no i se  was i n c r e a s e d  u n t i l  an ( ave raged)  
coherence  b e t w e e n  the  two s o u r c e s  of  0.5 was ob ta ined .  Again t h e  complex 
ceps t rum d i d  not r e v e a l  the  e f f e c t  of a d d i t i o n a l  sou rce  by p resence  of d e l t a  
f u n c t i o n s ,  e t c . ,  wh i l e  the  power ceps t rum d id .  On l i f t e r i n g  and implementa- 
t i o n  of t h e  b e a r i n g  f i n d i n g  n l k o r i t h r n  t h e  s o u r c e  b e a r i n g  was e s t i m a t e d  to  be 
9 7 . 2  degrees.  
The r e s u l t s  f o r  tlie t e s t s  u s ing  c o n f i g u r a t i o n  1 a r e  summarized in 
t a b l e  1.  , llso sliown is  tlie s i g n a l - t o - n o i s e  r a t i o  ( S N R )  €or  the  added random 
n o i s e  t o  the  inpu t  s i g n a l  o l  the pr imary source .  It is not  c l e a r  why improved 
b e a r i n g  e s t i m a t i o n  occur red  a s  t he  s i g n a l - t o - n o i s e  r a t i o  dec reased .  
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6.2 C o n f i g u r a t i o n  2 
The €allowing r e s u l t s  a r e  f o r  t he  c o n f i g u r a t i o n  shown i n  f i g u r e  l ( b ) .  
A s  f o r  the  p rev ious  c o n f i g u r a t i o n ,  t h r e e  tes ts  f o r  t h r e e  ave rage  coher -  
ences  of  1.0, 0.9 and 0.5 were performed.  The r e s u l t s  of a l l  t h e  t es t s  are 
summarized i n  t a b l e  2. Only t h e  r e s u l t s  f o r  a coherence  of 0.5 w i l l  be 
expanded upon Eor colic i s e n e s s .  
F i g u r e  15 g i v e s  the  coherence  between the  nea r  f i e l d s  of t h e  pr imary  and 
secondary  sources .  Averaged from 0 t o  3.5 kHz, t he  coherence  can be seen t o  
be c l o s e  t o  0.5. F igu re  16 p r e s e n t s  t he  t i m e  h i s t o r i e s  of t h e  s i g n a l s  
a c q u i r e d  a t  t he  microphones.  The secondary s o u r c e  s i g n a l  ampl i tude  a t  t h e  
microphone b e a r i n g  a r r a y  was measured t o  be approx ima te ly  t h r e e - f i f t h s  of t h e  
p r i m a r y  s o u r c e  a m p l i t u d e .  This i n c r e a s e  i n  r e l a t i v e  ampl i tude  of t h e  second-  
a r y  sou rce  is d u e  t o  t h e  reduced pa th  d i f f e r e n c e  of c o n f i g u r a t i o n  2,  l e a d i n g  
t o  a smaller r e l a t i v e  change i n  ampl i tude  due t o  t h e  s p h e r i c a l  s p r e a d i n g  
eEEect.  The random n o i s e  can a l s o  be seen  t o  be s i g n i f i c a n t l y  l a r g e r  t han  i n  
the  p rev ious  f i g u r e s ,  g i v i n g  r i se  t o  the  lower s o u r c e  cohe rence  and SNR. 
F i g u r e s  17 and 19 g i v e  the  co r re spond ing  complex and power ceptrums of 
channe l  1. A marked peak ( rahmonic)  can be seen  i n  t h e  power ceptrum a t  c l o s e  
t o  5.2 rnsec co r re spond ing  t o  the  pa th  d i f f e r e n c e  of 1.78 m f o r  c o n f i g u r a -  
t i o n  2 .  The complex ceps t rum was l i f t e r e d  from p o i n t s  50 t o  990 and t h e  
p rocess  r eve r sed .  O n  recovery  of the  t i m e  h i s t o r y  of t he  p r i m a r y  s i g n a l ,  t h e  
b e a r i n g  a n g l e  code gave a s o u r c e  a n g l e  of 96.5 deg rees  t o  be compared w i t h  t h e  
a c t u a l  sou rce  b e a r i n g  oE 97 degrees .  The coherence  of the  r ecove red  s i g n a l s  
a t  the  microphones i s  p l o t t e d  i n  Eigure 19. I t  is appa ren t  t h a t  t h e  range  of 





when compared t o  the  r e s u l t s  of Eigure 10. Thus, i t  can be seen  t h a t  t he  
p rocess  appea r s  t o  work w e l l  f o r  s i g n a l s  from two a c o u s t i c  s o u r c e s  of  low 
coherence  (y2  > 0.5)  due t o  the  use of the  coherence  t es t  i n  r e j e c t i n g  b e a r i n g  
ang le  inEormation from the recovered  s i g n a l s  a t  t h e  microphones.  
N 
S i m i l a r l y ,  i t  can be shown t h a t  t he  energy due t o  the  s w e p t  sine b u r s t  
and i t s  echo w i l l  be compressed nea r  a que f rency  of z e r o  and a t  t he  l o c a t i o n  
o €  t he  rahmonics due t o  t h e  wide bandwidth of t he  tes t  s i g n a l .  The added 
n o i s e  however, be ing  u n c o r r e l a t e d ,  is d i s t r i b u t e d  over  t h e  whole c e p s t r a l  
domain, a s  can be seen  i n  t he  ceps t rum p l o t s  of f i g u r e s  13 and 17. Thus, 
b lock  l i f t e r i n g  w i l l  remove most oE t h e  u n c o r r e l a t e d  s i g n a l  as w e l l  as t h e  
secondary  source  s i g n a l  and l eave  behind most oE the  pr imary  source  informa- 
t i o n .  Thus, t he  method d e s c r i b e d  h e r e  ( i . e . ,  u s ing  b lock  l i f t e r i n g )  is very  
s u c c e s s f u l  €o r  a secondary source  s i g n a l  which has  a l a r g e  ampl i tude  of n o i s e  
added r e l a t i v e  t o  t h e  base  s i g n a l  and thus  a low r e l a t i v e  coherence.  
7. CONCLUSIONS 
The u s e  of c e p s t r a l  p r o c e s s i n g  i n  de t e rmin ing  the  b e a r i n g  a n g l e  of a n  
a c o u s t i c  sou rce  i n  t he  p re sence  oE a secondary a c o u s t i c  s o u r c e  of v a r y i n g  
coherence  h a s  been e x p e r i m e n t a l l y  s t u d i e d .  The r e s u l t s  demons t r a t e  t h a t  f o r  a 
t e s t  s i g n a l  o€  wide bandwidth,  t he  method s a t i s f a c t o r i l y  e s t i m a t e s  t h e  s o u r c e  
b e a r i n g  f o r  c o h r r e n c e s  of g r e a t e r  than 0.5. The s u c c e s s  of t h e  method f o r  
s i g n a l s  o €  r e l a t i v e l y  low coherence  h a s  been shown t o  be due t o  t h e  n a t u r e  of 
b lock  1 i E t e r i n g  p rocedure  and coherence  r e j e c t i o n  t e s t i n g  used i n  t h e  b e a r i n g  
f i n d i n g  a lgo r i thm.  
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